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@ Maximal diversify combining interference cancellation using sub^rray processors and respective 
delay elements. 



@ A sidelobe canceler includes a main antenna, 
an array of sub-antennas, a subtractor having a 
first input connected to the main antenna, a 
main-array processor and M sub-array proces- 
sors. The main-array processor multiplies the 
outputs of the sub-antennas with weight coeffi- 
cients using correlations between the sub- 
antenna outputs and the subtractor output and 
combines the multiplied signals into a signal, 
which is coupled to the second input of the 
subtractor. The signal-to-noise ratk> of the sub- 
tractor output is maximized by an adaptive 
matched filter. Each sub-array processor mul- 
tiplies the sub-antenna outputs with weight 
coefficients using correlations between the 
sub-antenna outputs and a decteion signal. The 
multiplied signals are summed to produce an 
output of each sub-anray processor, which is 
combined with the outputs cf the other sub- 
anray processors into a first diversity-combined 
signal, the latter being combined with the 
matched filter output to produce a second di- 
versity-combined signal. Intersymbol interfer- 
ence is rerrK>ved by an adaptive equalizer from 
the second diversity-combined signal accord- 
ing to a decision error so that the decision 
signal is pnxluced and applied to the sub-anray 
processors. Different anKxjnts of delay are in- 
troduced to the outputs of (M - 1) of the sub- 
anray processors so that the output of the i-th 
sub-anray processor is delayed by (i - 1)t, 

where i = 2, 3 M, and different anrrounts of 

delay are introduced to the decision signals 
applied to (M - 1) of the sub-array processors so 
that the decision signal applied to the j-th sub- 
anray processor is delayed by (M - j)T, where j = 
1. 2, M-1. The total anK^unts of delay as- 
sociated with each of the M sub-anray proces- 
sors is equal to (M-1)t. 



FIG. 1 
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BACKGROUND OF THE INVENTION 
Field of the invention 

5 The present invention relates generally to techniques for canceling interfering signals, and more specifi- 

cally to a sidelobe canceler using an array of sub-antennas for canceling Interference introduced through the 
sidelobes of the nnain antenna. 

Description of the Related Art 

10 

A prior art sidelobe canceler for a main antenna has an array of sub-antennas connected to multipliers 
where their output signals are respectively weighted with coefficients supplied from an Applebaum weight con- 
troller which operates according to the Applebaum algorithm as described in "Adapthve Arrays', IEEE Trans- 
actions on Antennas and Propagation, VoL AP-24. No. 5, 1976. The outputs of the multipliers are summed to- 
ts gether into a sum signal which is subtracted in a subtracter from the output of the main antenna. The subtractor 
output is supplied to the Applebaum weight controller where it is used as a reference signal to produce the 
weight coefficients. The Applebaum algorithm is based on the minimum mean square error (MMSE) algorithm 
and an additbnal steering vector which represents an estimated arrival direction of the undesired signal. The 
components of the steering vector are respectively added to the weight coefficients in the con-elation loops. 
20 so that the directional pattern of the antenna array is oriented toward the source of undesired signal and the 
signals detected by the array are summed together and used to cancel the undesired signal contained in the 
output of the main antenna. 

The output of the subtractor is further applied to an adaptive equalizer where multipath fading related in- 
tersymbol interference is canceled. If the time difference between multipath signals becomes smaller than a 
25 certain value, the fading pattern changes from frequency selective mode to flat fading, i.e. , a fade occurs over 
the full bandwidth of the desired signal, n^aking it impossible to equalize the desired signal. In such a situation, 
diversity reception technique is used. 

In addition, a component of the desired signal is also received by the adaptive antenna array and combined 
with the main antenna signal. Under certain amplitude-phase conditions, the phases of these signals become 
30 opposite to each other, canceling part or whole of the desired s^nal. 

U.S. Patent 5,369,412, issued to I. Tsujirrrato, November 29, 1 994, discloses a sidelobe canceler including 
an array of sub-antennas, an Applebaum weight controller for controlling the weight coefficients of a first array 
of multipliers, and a correlator for controlling the weight coefficients of a second array of multipliers according 
to the output of an adaptive equalizer. The outputs of the sub-antenna array are weighted by the coefficients 
35 of the first array of multipliers, and summed together to produce a canceling signal. The outputs of the sub- 
antenna array are further weighted by the coefficients of the second array of multipliers, summed together to 
produce a diversity signal. After being combined with the diversity signal and the canceling signal, the main 
antenna signal ts fed into the adaptive equalizer for canceling intersymbol interference. 

40 SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide an improved technique for interference cancel- 
lation and maximal diversity combining using a comnrion sub-antenna array. 

Another object of the present invention is to remove interference that is Introduced to sub-array processors 

45 through the sidelobes of steered directivity patterns of the sub-antenna arrays. 

According to a broader aspect, the present invention provides a sidelobe canceler comprising a main an- 
tenna, an array of sub-antennas, a subtractor having a first input connected to the nrtain antenna, a main-array 
processor and M sutnarray processors. The nnain-array processor has a plurality of first weight multipliers for 
multiplying output signals of the sub-antennas with weight coefficients, a first weight controller for detecting 

50 correlations between the output signals of the sub-antennas and an output signal of the subtractor and deriving 
therofrom the weight coefficients of the first multipliers, and a first adder for sunrvning output signals of the 
first multipliers to produce an output signal and supplying the output signal to the second input of the subtractor 
as an interference canceling signal. An adaptive matched filter is provided for receiving the output signal of 
the subtractor to produce an output signal having a maximized signal-to-noise ratio. Each of the M sub-array 

55 processors has a plurality of second multipliers for multiplying the output signals of the sub-antennas with 
weight coefficients, a second weight controller for detecting correlations between the output signals of the sub- 
antennas and a decision signal and deriving therefrom the weight coefficients of the second multipliers, and 
a second adder for summing output signals of the second multipliers to produce an output signal of each of 
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the sub-array processors. The output signals of the M sut>-array processors are combined into a first diversity- 
combined signal and the first diversity-combined signal is combined with the output signal of the matched filter 
to produce a second diversity-combined signal. Intersymbol interference is renrnsved from the second diversity- 
combined signal according to a decision error so that the decision signal is produced for the sub-array proc- 

5 essors. Different anrK>unts of delay are introduced to the output signals of (M - 1 ) of the sub-array processors 
so that the output signal of the i-th sub-array processor is delayed by an arT>ount equal to (i - 1)t, where i = 2, 

3 M and x is a predetermined delay time, and different amounts of delay are introduced to the decision 

signals applied to (M - 1) of the sub-array processors so that the decision signal applied to the j-th sub-array 
processor is delayed by an amount equal to (M - j)T. where j = 1 , 2 M-1 , wherein the total anrwunts of delay 

10 associated with each of the M sut>-array processors is equal to (M-1 )t. 

According to a second aspect, the present invention provides a sidelobe canceler comprising, a main an- 
tenna, an array of sub-antennas, a subtracter having a first input connected to the niain antenna, a main-array 
processor and M sub-array processors. The main-array processor has a plurality of first weight multipliers for 
multiplying output signals of the sub-antennas with weight coefficients, a first weight controller for detecting 

15 correlations between the output signals of the sub-antennas and an output signal of the subtracter and deriving 
therefrom the weight coefficients of the f rst multipliers, and a first adder for summing output signals of the 
first multipliers to produce an output signal and supplying the output signal to the second in put of the subtracter 
as an interference canceling signal. An adaptive matched filter receives the output signal of the subtracter and 
produces an output signal having a maximized signal-to-noise ratio. Each of the M sub-array processors has 

20 a plurality of second multipliers for multiplying the output signals of the sub-antennas with weight coefficients, 
a second weight controller for detecting correlations between the output signals of the sub-antennas and a 
decision signal and deriving therefrom the weight coefficients of the second multipliers, and a second adder 
for summing output signals of the second multipliers to produce an output signal of each of the sut>-array proc- 
essors. An adaptive equalizer removes intersymbol interference according to a decision error to produce a de- 

25 cision signal and applies the decision signal to the sub-array processors. The output signals of the M sub-array 
processors are combined into a first diversity-combined signal, and the frequency spectrum of the output signal 
of the main-array processor is transversal-filtered using the decision error of the adaptive equalizer according 
to a minimum nneans square error algorithm to produce an interference canceling signal. The interference can- 
celing signal is combined with the first diversity combined signal to cancel an Interfering signal introduced to 

30 the M sut>-array processors by the sidelobes of the sub-antennas. The interference-canceled first diversity- 
combined signal is combined with the output signal of the nnatched filter to produce a second diversity-conv 
bined signal which is applied to the adaptive equalizer to remove intersymbol interference therefrom. Different 
anrx>unts of delay are introduced to the output signals of (M - 1) of the sut>-array processors so that the output 
signal of the i-th sub-array processor is delayed by an amount equal to (i - 1)t, where i = 2, 3, , M. Different 

35 anKHjnts of delay are introduced to the decision signals applied to (M - 1 ) of the sut>-array processors so that 
the decision signal applied to the j-th sub-array processor is delayed by an amount equal to (M- jTt, where j = 

1 , 2, , M-1 , wherein the total anKXjnts of delay associated with each of the M sub-array processors is equal 

to(M-1)T. 

40 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be described in further detail with reference to the accompanying drawings, in 
which: 

Fig. 1 is a block diagram of a sidelobe canceler according to a first embodiment of the present Invention; 
45 Fig. 2 is a block diagram of a sub-array processor; 

Fig. 3 is a block diagram useful for describing the operation of the sidelobe canceler of Fig. 1 in a simplified 
form; 

Fig. 4 is a block diagram of a sidelobe canceler according to a second embodinnent of the present invention; 
and 

50 Fig. 5 is a block diagram useful for describing the operatk)n of the sidelobe canceler of Fig. 4 In a simplified 
form. 

DETAILED DESCRIPTION 

55 Referring now to Fig. 1 , there is shown a sidelobe canceler according to a first embodiment of the present 
invention. The sidelobe canceler consists of a main antenna 101. an array of sub-antennas 102, through 102n, 
an Applebaum (main) array processor 103 connected to the sub-antennas, and a subtracter 104 where the 
main antenna signal is combined in opposite sense with the output of the Applebaum array processor 103. The 
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sub-antennas 102i - 102n are spaced apart at the half-wavelength of the carrier frequency of the incoming 
signal; Further connected to the sub-antennas are a plurality of sub-array processors, the details of which are 
shown in Fig. 2. For simplicity, only three sub-array processors 1 05^ ,1 052 1 0Ss are shown. 

The output of subtracter 1 04 is divided into a first path leading to the Applebaum array processor 1 03 and 
5 a second path leading to an adaptive matched filter 109 of well-known design which uses the decision output 
of an adaptive equalizer 111 such as decision-feedback equalizer to control the tap-weight coefficients of the 
matched filter 109. 

The Applebaum array processor 103 includes a plurality of weight multipliers 120 connected respectively 
to the sub-antennas 102i - 102^ for multiplying the outputs of the sul>-antennas by weight coefficients sup- 

10 plied from a weight controller 122. and an adder 121 for summing the outputs of the multipliers 120. As de- 
scribed in the afbresakj Tsujinroto U. S. Patent, the weight controller 122 consists of a correlator whk:h takes 
correlations between the sub-antenna signals and a difference signal from subtracter 1 04 to produce a plurality 
of correlation signals. The correlation signals are combined with the components of a steering vector which 
indicates an estimated anival angle of an interfering signal to be detected. The vector-combined correlation 

15 signals are supplied to the multipliers 1 20 as the respective weight coefficients for weighting the sub-antenna 
signals, respectively. The output of the adder 121 is an interference canceling signal, which is subtracted in 
the subtractor 1 04 from the output of main antenna 1 01 to cancel the interfering signal contained in it. 

The output of the adaptive equalizer 111 is further applied through a delay element 112 with delay time 2t 
to the sub-array processor 1051, through a delay element 113 with delay time x to the sub-array processor 

20 1 052 and without delay to the sub-array processor 1 053. To the Inputs of an adder 108 are applied the output 
of sub-array processor 105i without delay, the output of sub-array processor 1052 through a delay element 
106 with delay time t. and the output of sub-array processor IO53 through a delay element 107 having delay 
time 2t. The signals applied to the adder 108 produces a diversity combining signal which Is supplied to a com- 
biner 110 where it Is combined with the main antenna signal from the matched filter 109. Adaptive equalizer 

25 111 operates on the output of the diversity combined signal to produce the decisk>n output 

As illustrated in Fig. 2, each of the sub-array processors 105 consists of complex multipliers 2051 - 205n 
connected to the sub-antennas 102| ~ 102^, respectively. The output signals r1 - rn of the sub-antennas are 
also applied through delay elements 206^ - 206^ with delay time ti to con-elators 208i - 208^ where the cor- 
relations are taken between the outputs of the sub-antennas and the decision output which Is supplied from 

30 the adaptive equalizer 111 with delay provkjed by a delay elennent 210 representing the delay elenients 112. 
113. The delay elen>ent 21 0 introduces a delay time nt, where n is 2, 1 and 0 in the case of sub-array processors 
1 05i , 1 052 and 1 053, respectively. The delay ti me 11 equal to t + a, where a is the amount of delay between 
the arrival time of a main-path sample at each sut>-antenna and the time at which the corresponding decision 
sample of adaptive equalizer 111 is available at the inputs of the correlators 208i - 208^. The weighting signals 

35 Wi - Wn from the correlators 208i ~ 208^ are supplied to the multipliers 205, - 205n, respectively, for multi- 
plying the outputs of the sub-antennas. The outputs of the multipliers 205 are summed in an adder 209 and 
fed to the adder 108. 

In a multipath fading environment, the desired signal suffers from unfavorable Actors such as scattering, 
ref lectbns and diffractions, so that the replicas of the signal are propagated over multiple paths to the des- 

40 tinatk)n and arrive at different angles at different times. Since the individual paths have different propagation 
lengths, the received signals are delay-dispersed over tln^. In other words, the arrival angles correspond to 
the anuxjnts of propagation delay, respectively. It is thus possible to selectively receive multipath returns ar- 
riving at particular angles by adaptively controlling the sub-array processors 105i - 105n so that the bean^ 
(mainlobes) of the corresponding sub-antennas are respectively oriented in the particular directions. For a 

45 three-wave multipath nrxKlel in which the signals are represented as S(-t). S(0) and S(+t), where S{0) is the 
main component and S(-t) and S(+t) are the multipath components with leading and lagging phase angles, 
respectively, relative to the phase of the n^in signal. Specifically, if It is desired to cause the sub-array proc- 
essors 105i, 1052 and IO53 to indivklually receive the components S(+t), 8(0) and S(-t), each of these proc- 
essors controls the beams of the sub-antennas 102i 102n to extract the particular component in a manner 

50 as will be described later. 

In additk>n, since the different propagation paths suffer from different fades. For example, there Is a deep 
fade In the main path, while one or both of multipath returns are not affected by fades. In such a situatbn, one 
or nrKjre fade-unaffected multipath returns can be used to produce a space-diversity combining signal by sum- 
ming the outputs of the sub-anray processors 105i - IO53. 

S5 Since the input signals to the sub-array processors are delay- dispersed multipath signals, the diversity 

combining with the main antenna signal can be considered to be a time-domain diversity combining if the mul- 
tipath fading is taken to be a channel response. Because of the multipath timing differences, the delay ele- 
ments 1 06 and 1 07 are used to introduce a delay time t to the output signal 8(0) of the sub-array processor 
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1 052 and a delay time 2t to the output signal S(-t) of the sut>-anray processor IO53. No delay time is introduced 
to the output signal S(-t-i) of sub-array processor 1 05, . As a result, all the multipath fading channels are aligned 
to the phase timing of the signal S(+t), so that they can be simultaneously combined by the adder 108. 
If the amplitudes of these signals are squared and combined in phase with each other, the combining is 

5 maximal ratio dh/ersity combining in the time donrrain. The gain obtained in this manner is equal to the implicit 
diversity gain which would be obtained by the use of a matched filter, so that significant improvennent can be 
achieved in the signal-to-noise ratio versus bit-error rate perfonnance of a sidelobe canceler without using an 
enror correction technique which would require a substantial annount of bandwidth due to the redundancy of 
codes. In other words, a coding gain is achieved by eliminating the need to increase the signal bandwidth. 

10 In addition, the signal received by the main antenna 1 01 is also a multipath-fading related, delay-dispersed 
signal. The use of the adaptive matched filter 1 09 is to converge the time-dispersed components of the desired 
signal to the reference timing. Spedfically, the adaptive matched filter 109 is a transversal filter where the 
tap-weight coefficients of the filter's dday line are adaptively controlled in accordance with the decision output 
of adaptive equalizer 11 1 so that the complex conjugate of their time reversals are equal to the channel impulse 

15 response. 

On the other hand, the combining of the outputs of the sub-array processors 105i ~ 105} by adder 108 
is a nnatched filtering in the space domain. Thus, the output of adder 1 08 is a sum of the space-dispersed conrv 
ponents of the desired signal whose signal-to- noise ratios are maximized by the respective sub-antenna 
branches. As a result, a maxinnal ratio combining is achieved by combiner 110. The output of combiner 110 is 

20 supplied to the equalizer 111 where the intersymbol interference is rennoved. 

A detailed description of the operation of the sub-array processors 105i - 1063 of Fig. 1 will be gh^en below 
using a simplified, two-wave propagation nrxxJel with reference to Fig. 2 in which only one sub-array processor 
1 50 is shown as a representative of the sub-array processors and a delay elennent 21 0 is illustrated to represent 
each of the delay elements 112 and 113. The two-wave propagation nru>del consists of a main-path component 

25 vector 201a arriving at an angle Oi at the sub-antenna 102i and a delayed component vector 201b which has 
reflected off at a point U (undesired signal source) and is arriving at the sub-antenna 102^ at an angle 62. A 
desired signal S transmitted from a source 200 is propagated over different paths, creating a wavef ront 204 
of the main component of the desired signal at the sub-antenna 102i. The components of the signal arrive at 
sub-antennas 102i, 1022 and 102n at different time instants. The direct signals arriving at sub-antennas IO22 

30 and 102n are indicated respectively as vectors 202 and 203 which are parallel to the n^in-path component 
vector 201a from source 200 and sub-antenna 102^. 

Since the length of a main-path component vector from source 200 to sub-antenna 1022 is much greater 
than the spacing between sub-antennas 102i and 1022, as well as the spacing between sub-antennas 102i 
and 102n, the vectors 202 and 202 can be regarded as parallel to the main-path component vector 201a. In 

35 addition to the main-path component vectors 202 and 203, delayed component vectors, which can also be re- 
garded as parallel to the delayed component vector 201 b, are also incident on the sub-antennas 1 022 and 1 02^ 
at angles 81 and 82. respectively. Since the sut>-antennas are equally spaced at half-wavelength intervals, a 
phase difference ^ exists between adjacent ones of the sub-antennas with respect to the signal arriving at 
angle Oi and a phase difference ^ exists between adjacent sub-antennas with respect to the signal arriving 

40 at angle 82 as follows: 

^1 = nsinOi (1) 
^ = n • sin 02 (2) 

Therefore, the output signals n rw of sub-antennas 102t-102N are given by the following Equation. 

45 
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where, ho and hi are the main and delayed components of the channel impulse response sampled at instants 
t = 0 and t = X, respectively. Since the delay time t\ of each delay element 206 is equal to t + a, and a is the 
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amount of delay between the arrival time of a main-path sample at each sub-antenna and the time the corre- 
sponding decision output sample Is fed back to the inputs of the correlators 208i - 208^, as described above, 
the components of the main-path signal S(0) which are received by sub-antennas 102i - 102^ are respectively 
delayed by amounts ti = t + a by delay elements 206^ - 206^ and applied to con-elators 208i - 208^. Therefore, 
5 the main-path input samples to these correlators are represented as S(t a), and the decteion output samples 

applied thereto from equalizer 111 are represented as S (a + nx) which takes account of the delays a nx 
introduced by nnatched filter 109, adaptive filter 111 and delay element 210. As a result, both of the samples 
at the inputs of each correlator are coincident at reference time t + a. 
10 The operatbn of each of the sub-array processors will be given first to sub-array processor 1052 for steer- 
ing the directional patterns of the sub-antennas to the desired signal source 200 by setting the factor "n" of 
delay element 210 to "1". 

In the case of the sub-array processor 1052, correlations are taken between main-path samples S(0) and 
15 decision samples S (O) to produce a weight coefficient vector W (= wi - wn) as folk)ws. 
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= hjE[s*(0)S(0)] 
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exp(+jit»i) 



exp(+jN*i)_ 



hjE[s*(t)S(0)] 



exp(+jN«^2) 



(4) 



where EQ represents an expected value obtained by a time averaging process and the symbol (*) represents 
complex conjugate. 

In most cases, the time taken by the averaging process is much greater than the symbol intervals at which 
the information is modulated onto the carrier (corresponding to the data transmissnn speed), but much smaller 
than the intervals at which fading occurs. Therefore, the fading-related variations are not averaged out into 
insignificant power. Furthermore, if the amount of errors detected by the adaptive equalizer 111 is small, the 



decision sample S can be approximated as equal to the desired signal S(0). Being a data signal, the auto- 
correlatk)n of the decision sample can be represented as 1, and the following relatbns hold in the case of the 
45 sub-array processor 1052: 

EIS * (0). S (0)] « E[S • (0) 3(0)] = 1 (5) 

E[S ♦ (x). S (0)] « E[S • (x).S(0)] = 1 (6) 
SQ Substituting Equatbns (5) and (6) into Equation (4) results in the following weight coeffK^ient vector W 

which is produced by the correlators 208i 208n of sub-array processor 1052: 



55 
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The sub-antenna output signals r, - Tn are weighted by the respective components of the weight coefficient 
vector W in the complex multipliers 205i - 205n. The weighted antenna signals are summed together In the 
adder 209 to produce the following output signal Y2 from the sub-anray processor 1052. 



Y2=rTw = [r,, T2. 



W, 



N 



= hoS(0)[l. exp(-j<Jii). . . . .exp(-jN(J.i)]hJ 



1 

exp(+j<|»i) 



exp(+jN(|»,) 
1 

exp(+j4»i ) 



+hiS(t)[l, exp(-j«>2). 



.exp(-jN(|)2)]h; 



N h(, ho SCO + ho h, Iexp{jn(^i -4»2))S(t) 

n=0 



.exp(+jN<>i)_ 



(8) 



50 



55 



The first term of Equation (8) represents the main signal S(0), where the product h^. h*o is the power of the 
main impulse response. The input signals to adder 209 have been aligned in phase and their amplitudes 
squared before being applied to it Thus, the conditions for a maxinnal ratio combining are nrtet for the main 
signal S(0). The second term of Equation (8) is concerned with the delayed signal S(t). The components of 
the delayed signal are not squared. Instead, the product ho • h*^ is a product of the impulse responses of the 
main and delayed signals. Since these impulse responses are affected by uncorrelated fades, they can be 
treated as noise. While the second term indicates a total sum of the components of the delayed signal S(t) 
received by the sub-antennas 102i - 102^, it is dear that they are not maxinnal-ratio combined. 

Therefore, the power level of the delayed signal S(t) represented by the second term of Equation (8) is 
much lower than that of the desired signal S{0) represented by the first term. In this way, the beams of the 
sub-antennas 102i - 102n are steered by each sub-array processor toward the desired signal source 200. 

The sub-array processor 105i is used for steering the directional patterns of the sub-antennas to the un- 
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desired signal source U by setting the factor "n" of delay element 210 to "2" to receive the delayed component 
S(t). For the sub-array processor 105i, the decision output sample from equalizer 111 to con^lators 208i - 

208n is represented as S (2t -i- a) and the other inputs to these correlators are represented as S(t + a) as in 
5 the case of the sub-array processor 1 052- At reference timing t = 0, correlations are taken between a received 

sample S(0) and a decision output sample S (x). Thus, in the case of sub-array processor 105i. the outputs 
of correlators 208t - 208|| are expressed as follows : 



10 
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15 
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= E[r*-g(T)] 



20 
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= hjE[S*(0) S(T)] 



exp(+jN4>i ) 



hjE[s*(0)-S(x)] 



1 

«P(+J>2) 



exp(+jN^2). 



(9) 



Substituting Equations (5) and (6) into Equation (9) gives the following weight coefficient vector W for sub- 
anray processor 105i: 
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exp(+j*2) 










(10) 






cxp(+jN<|)2)_ 





45 Hence, the output signal Yi of sub-array processor 105^ is given by. 
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+ hi S(x)[l. exp(-j<|>2) exp(-j(|>2)]h* 
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exp(4-jN(>2). 



= hl ho Z«P(jn«>2 -♦i))S(0) + N h, hi .S(x) 



(11) 



35 



40 



From Equation (11) it is seen that the first term is a signal that can be treated as noise and the second 
term represents the delayed signal S(t) which is obtained by maximal ratio combining. Therefore, the sub-an- 
tennas 105i - 105^ are all steered toward the undesired signal source Afbr the sub-array processor 105^ 

Next the sub-array processor lOSa is used for steering the sub-antennas toward an undesired signal 
source, not shown, by setting the factor "n" of delay element 21 0 to "0". This undesired signal source produces 
a signal S(-t) whose timing is advanced with respect to the main-path signal S(0). If the phase-advancing signal 
is arriving at an angle Os, there is a phase difference of <^ = • sin 83 between adjacent sub-antennas 1 02^ - 
102n. Consider a simplified, two-wave multipath propagation model for the main signal and the phase- 
advancing signal. In this case, the delayed components S(t) of the second term of Equation (3) are replaced 
with phase-advancing components S(-t) as follows: 









1 




1 




45 






«P(-j<l>i ) 




«P(-j<>3) 




r = 




= hoS(0) 




+ h_iS(-t) 




(12) 


5D 






exp(-jN(t(i) 




_exp(-jN(^3) 





where, h_i is the sample value at t = -x of the channel impulse response. As a result, the decisbn output sample 

55 from equalizer 111 to correlators 208i - 208^ of sub-array processor IO53 can be represented as S (a) and 
the other inputs to these correlators are signals S(t + a). Therefore, if the reference timing is set equal to t = 
0, correlations are taken between the signals given by Equation (12) and a phase-advancing decision output 
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sample S (-t). Thus, the correlators 208i - 208n produce the following weight coefficient vector 



W = 



Wi 
W2 



Lwn 



= E[r*S(-t)] 



= h;-E[s*(0)S(-T)] 



1 

exp(+ ) 



exp(+jN(|»i) 



+ h.VE[S*(-T)S(-t)] 



1 

exp(+j(^3) 



= h 



-1 



exp(+j(t>3) 



_exp(+jN(|»3) 



exp(+jN<>3) 



(13) 



Accordingly, the output signal Y3 of the sut>-array processor 1 063 is a convolution of Equations (12) and 
(13), which is given in the form: 



= -ho Iexp{jn(«3 -♦i))S(0) + N.h_, b.i Si-z) 
n=0 



04) 



From Equation (14), it is seen that the first term can be treated as noise and the second term is the phase- 
advandng signal S(-t) which is obtained by maximal ratio combining. Thus, the directional patterns of sub- 
antennas102i ~ 102Nareorientedtowardthephase-advancingsignalsourceforthesub-arraypn>cessor1053. 

As illustrated in Fig. 1 , the outputs of sub-array processors 1052 and lOSj are provided with delay elements 
1 06 and 1 07, respectively. By representing the outputs of the delay elements 1 06 and 1 07 as Y^x) and Y^2t), 
respectively. Equations (8) and (14) are rewritten into Equations (15) and (16), respectively, as follows: 



Y2(T)«N h* .ho S(t) + h* h, Xexp(jn(*i -♦2))S(2x) (15) 

n=0 

N 

Y3 (2t) = • ho Xexp(jn((^3 - (>i ))S(2t) + N - h^^ • h_i ■ S(t) a6) 
n=0 



As a result, the output signal Y of adder 108 Is given by: 
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Y = Yi+Y2(t) + Y3(2t) 

= N(b*jh_, + NhJho-fhJ.hi)S(t)-».ISI (17) 

5 

where, ISI te a term resulting from intersymbol interference. The iSI term contains S(0) and S(2t) and implies 
that S(x) is the desired signal and S(0) and S(2t) are taken as the intersymtxsl interference for S(t), which is 
given by Equation (18) as follows: 

10 « N 

ISI = h, bo i:cxpljn(«t>2 -♦i))S(0) 

+ X [hohlCxp{jn(<|ii -1»2)) + h.'iho«p(jn(<t»3 -(>i)}]s(2t) (18) 

It is seen that the sut>-array processors 105i lOSa cooperate with each other to function as groups for 
respective steering angles of the sub-antennas. Equation (17) shows that the signals S(t) received by the re- 
spective functioning groups of the sub-array processors are maxinnal-ratio combined by adder 108. More spe- 
20 cifically, the sum of the autocorrelations of the phase-advance impulse response h_i, the main impulse re- 
sponse ho and the delayed impulse response hi is converged to the reference time t = t and maximal-ratio 
combined In the tinr>e domain. The effect of the time-domain maximal-ratb combining advantageously enhanc- 
es the effect of the space-domain maximal-ratio combining performed by the adaptive matched filter 109. 

As shown in Fig. 1. the output signal Y of the sub-array branches is maximal-ratio combined in the adder 
25 110 with the output sig nal of the main antenna branch whose signal-to-noise ratio is maximized by the adaptive 
matched filter 109. The output of the adder 110 contains the ISI term of Equation (17) caused by interference 
from the S(0) and S(2t) symbols as represented by Equation (18). Adaptive equalizer 111 is preferably a well- 
known decision feedback equalizer which includes a forward filter for receiving the output of adder 110 to supply 
its output to one Input of a subtractor, a backward filter connected In a loop between the output of a decision 
30 circuit and a second input of the subtractor. An error detector is connected across the input and output of the 
decision circuit to supply a decision error of the decision circuit to the forward and backward filters for updating 
their tap-weight coeffidents according to the least-mean-square algorithm so that the precursor S(0) and post- 
cursor S(2t) of the channel impulse response are renrwved by the forward and backward filters, respectively. 

While a description has been made on the quantitative aspect of the present invention, it is appropriate to 
35 discuss the simultaneous implementation of interference cancellation and diversity combining in qualitative 
terms with reference to Fig. 3. For simplicity, only three sub-antennas 102i - IO23 and two sub-array proces- 
sors 105i and 1052 ^ shown. It is also shown that the adaptive matched filter 109 has three delay-line taps 
spaced at t = T/2 intervals, where T is the symbol interval. 

In a two-wave propagation model, it is assumed that a desired signal is transmitted from a source 301 
^ and propagated over a direct, main-path A to the main antenna 101 and over a delayed path B to the same 
main antenna. The signal from the source 301 is also received by the sub-antenna array 102 over a direct, 
main-path C and a delayed path D. A Kunming signal is transmitted from a source 302 and is received as a 
vector Ji by the nmin antenna 101 and as a vector J2 by the sub-antenna array 102. 

The weight coefficients of the Applebaum array processor 103 are adaptively controlled in response to 
^ the output of subtractor 104 so that it causes the sub-antennas 102^ - 1023 to form their beam in the arrival 
direction of vector J2 to produce its replica. As shown in a vector diagram 310, the replica of vector J2 is equal 
in amplitude to the vector Jt, so that when it is combined in subtractor 104 with the main antenna output, the 
jamming component Ji is canceled. 

Sub-array processor 105i causes the sub-antenna array 102 to form a beam aligned in the delayed path 
so D so that it produces an impulse response of amplitude D at time t = T/2 as shown at 31 3. Sub-array processor 
1052 causes the sub-antenna array 102 to form a beam aligned to the delayed path C so that it produces an 
impulse response of amplitude C at time t = 0 as shown at 314. The output of processor 1 052 is delayed by 
T/2 at delay element 1 06 and combined in phase with the output of processor 105^, producing a maximal-ratio 
combined impulse response of amplitude + at t = T/2 as indicated at 315. 
^ On the other hand, the delay-dispersed desired signals from paths A and B are time-dispersed on the tap- 

ped-delay line of matched filter 109 as impulse responses A and B as indicated at 311 . Matched filter 109 in- 
cludes first and second delay elements 320 and 321 connected to form a center delay-line tap therebetween 
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and tap-weight multipliers 322, 323 and 324 connected respectively to the first, non-delayed tap. the center 
tap and the third tap of the delay line. Thus, when the impulse response A appears at the center (reference) 
tap at time t = 0. the impulse response B appears at t = T/2 at the first delay-line tap, as indicated at 311 . Match- 
ed filter 109 includes a tap-weight controller, not shown, which controls the tap-weight coefficients of the mul- 

5 tipliers 323 and 322 so that they equal in amplitude to the impulse responses A and B. Thus, the impulse re- 
sponses A and B are squared and summed together in an adder 325 to produce an output A^ + B^ at time t = 
T/2 as shown at 312. Since the outputs of matched filter 109 and adder 108 are tx)th time-aligned with each 
other at t = T/2, they are maximal-ratio combined at combiner 110. 

It is seen therefore that, in a general sense, the delay elements 106,107 are associated with (M - 1) sub- 

10 array processors and Introduce different amounts of delay so that the output signal of the i-th sub-array proc- 
essor is delayed by an amount equal to (i - 1)t, and i = 2. 3 M. On the other hand, the delay elenwnts 112 

and 113 are associated with (M - 1) of the sub-array processors and introduce different announts of delay so 
that the decision signal applied to the j-Xh sub-anay processor is delayed by an amount equal to (M )>. where 
j = 1 , 2, M - 1 . The total amounts of delay associated with each of the M sub-array processors is equal to 

15 (M - 1)t. i.e., 2t in the Illustrated emtx)diment 

A second embodi ment of the present invention is illustrated in Fig. 4. The sidelobe canceler of the second 
embodiment differs from the first embodiment by the additional Inclusion of a transversal filter 400 of well 
known design. The tapped-delay line of the transversal filter 400 Is connected to the outputof the Applebaum 
array processor 103 to produce an interference canceling signal for canceling an interfering signal undesirably 

20 received by the sub-antenna array 102 if the arrival angle of the jamming signal substantially coincides with 
the arrival angle of the desired signal, either direct or delayed components. The output of transversal filter 400 
is applied to a subtracter 401 where it is subtracted from the output of adder 108 to cancel the jamming signal 
in the output of adder 108. The output of subtracter 401 is applied to adder 110. Adaptive equalizer 111, or 
decision-feedback equalizer supplies its deciston error to the transversal f ilt^ 400 to control its tap weights. 

25 Since the jamming signal is uncorrelated with the desired signal, it cannot be treated as intersymbol interfer- 
ence. 

Transversal filter 400 includes a tapped-delay line formed by a cascade connection of delay elements of 
delay time t = T/2. Only two delay elennents 410 and 411 are shown for purposes of illustration. To the suc- 
cessive taps of the delay line are connected tap weight multipliers 412. 413. 414 for weighting the tap signals 

30 on the delay line with corresponding weight coefficients produced by a ta^weight controller 416. The weighted 
tap signals are sumnr^ed by an adder 415 and supplied to the subtractor 401. Controller 416 receives the de- 
cisfon error from the adaptive equalizer 111 and the tap signals from the delay line to determines the correla- 
tions between them according to the MMSE (minimum mean square error) algorithm so that the decision error 
is reduced to a minimum. Tap-weight coefficient signals Wi, W2, W3 representing the correlations are generated 

35 and applied to the tap-weight nrwltipliers 412 - 413, respectively. By performing the MMSE control on the out- 
put of the Applebaum array processor 1 03, the transversal filter 400 produces an estimated spectrum of the 
jamming signal which is undesirably detected by the sub-antenna array 102. 

The operation of the sidek>be canceler of Fig. 4 will be described with reference to Fig. 5. In a certain spatial 
configuration, the main antenna 101 receives a desired and a jamming signal from sources 501 and 502 over 

40 propagation paths 520, 522. respectively, and the sub-anten na array 1 02 receives the same signals over pro(>- 
agation paths 521. 523. The desired signal has a flat response over a wkje frequency spectrum 506. while 
the jamming signal has a narrow spectrum 507. The output of the main antenna 101 has a spectrum 508 con- 
taining a mix of the desired signal S and januning signal J. 

The Applebaum array processor 103 control the control loop through the subtractor 104 so that the sub- 

45 antenna array 102 forms a beam 504 whose mainlobe is oriented toward the jamming signal source 502 to 
detect the jamming signal J and produces a canceling signal having a spectrum 510. The spectrum 510 is ap- 
plied to the subtractor 104 where the jamming signal contained in the outputof main antenna 101 is canceled, 
producing a replica of the desired signal at the output of subtractor 104 having the same frequency spectrum 
as the transmitted signal as shown at 509. 

50 If the sub-array processor 1 051 causes the sub-antenna array 1 02 to form a beam pattern 505 whose main- 
lobe is pointed toward the desired signal source 501 , the skJelobe of the beam pattern will be pointed toward 
the jamming signal source 502. A similar beam pattern is formed by the same sub-antenna array 102 under 
the control of the sub-array processor 1052. Therefore, a low-level jannming signal and a high-level desired are 
detected and combined by the sub-array processors 105^ and 1052- The output of processor 105i is applied 

55 direct to adder 108, while the output of processor 1052 is delay by T/2 in the delay element 106 and applied to 
adder 1 08 where it is rr)aximal-ratk) combined with the output of processor 1 05^. producing a signal with a spec- 
trum which is shaped as shown at 511 and a wkie spectrum 512 of the desired signal. 

If the bandwidth of the jamming signal is as wide as the spectrum of the desired signal, the delay element 
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106 would produce a multipath fading effect on the jamming component of the output of sub-array processor 
1 052. This implies that, even if the spectrum 507 of the jamming signal is not shaped by a frequency-selective 
fade, the spectrum of the jamming signal component of the output of adder 108 is shaped by a fixed frequency- 
selective fade as shown at 511. A wide spectrum 512 of the desired signal is mixed with the jamming signal 

5 spectrum 511 and applied to the subtracter 401 . 

Transversal filter 400 shapes the spectrum of the janrtming signal extracted by the Applebaum anray proc- 
essor 1 03 according to the MMSE algorithm so that it produces an estimated jamming spectrum 51 3 that con- 
forms to the jamming spectrum 511. The tap-weight updating speed of the transversal filter 400 is set so that 
it substantially differs from the tap-weight updating speed of the ada ptive equalizer 1 1 1 to allow them to operate 

10 independently. 



Claims 

15 1. A sidelobe canceler comprising: 
a main antenna; 
an array of sub-antennas; 

a subtracter having a first input connected to the main antenna and a second input; 
a main-array processor having a plurality of first weight multipliers for multiplying output signals of 
20 said sub-antennas with weight coefficients, a first weight controller for detecting correlations between 

the output signals of the sub-antennas and an output signal of said subtracter and deriving therefrom the 
weight coefficients of said first multipliers, and a first adder for summing output signals of said first mul- 
tipliers to produce an output signal and supplying the output signal to the second input of the subtracter 
as an interference canceling signal; 
25 an adaptive matched filter for receiving the output signal of the subtracter and producing an output 

signal having a maximized signal-to-noise ratio; 

M sub-array processors each having a plurality of second multipliers for multiplying the output sig- 
nals of said sub-antennas with weight coefficients, a second weight controller for detecting correlations 
between the output signals of the sub-antennas and a decision signal and deriving therefrom the weight 
30 coefficients of the second multipliers, and a second adder for summing output signals of the second mul- 

tipliers to produce an output signal of each of the sut)-array processors; 

a first diversity combiner for combining the output signals of the M sut>-array processors to produce 
a first dhrersity-combined signal; 

a second diversity combiner for combining the first diversity-combined signal with the output signal 
35 of the nnatched filter to produce a second diversity-combined signal; 

an adapth^e equalizer for removing intersymbd interference from the second dh/ersity-combined 
signal to produce said decision signal and applying the decision signal to said sut>-array processors; 

first (M - 1) delay elements for respecth^ety introducing different amounts of delay to the output 
signals of (M - 1) of the sub-array processors so that the output signal of the i-th sub-array processor is 

40 delayed by an amount equal to (i - 1)t, where i = 2, 3 M and t is a predetermined delay time; and 

second (M - 1) delay elements for respectively introducing different amounts of delay to the deci- 
sion signals applied to (M - 1) of the sutnarray processors so that the decision signal applied to the yth 

sub-array processor is delayed by an amount equal to (M - j)T, where j = 1, 2 , M-1, wherein the total 

amounts of delay associated with each of the M sub-array processors is equal to (M-1)t. 

45 

2. A sidelobe canceler as claimed in darm 1 , further comprising: 

a transversal filter having a tapped-delay line connected to be responsive to the output signal of 
the nmin-array processor, a plurality of tap-weight multipliers connected respectively to successive taps 
of the tapped-delay line for multiplying tap signals at the corresponding taps with weight coefficients, an 
50 adder for summing output signals of said multipliers to produce an output signal of the transversal filter 

which represents a shaped frequency spectrum of the output signal of said main-array processor, and a 
tap-weight control circuit for determining correlations between said tap signals and a decision error signal 
supplied from sakl adaptive equalizer and deriving therefrom said weight coefficients; and 

means for combining the output s^nal of the transversal filter with the first diversity-combined sig- 
S5 nal for canceling interfering signals introduced to the input signals of said sub-array processors to produce 

an interference-canceled signal and supplying the interference canceled signal to the second diversity 
combiner, instead of the first diversity-combined signal. 
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Asidelobe canceleras claimed in claim 1 or 2. wherein the weight controller of each of said M sub-array 
processors comprises: 

a plurality of correlators for respectively receiving signals from said sub-antennas, one of the cor- 
relators of the M sub-array processors receiving the decision signal from said adaptive equalizer and each 
of the correlators of the other sub-array processors receiving the decision signal via a respective one of 
said first delay elements, said correlators determining said correlations and deriving therefrom said weight 
coefficients of the second multipliers; and 

a plurality of delay elennents for introducing a predetermined amount of delay to each of the signals 
from said sub-antennas to said correlators. 

A sidelot>e canceler as claimed in claim 1 or 2, wherein the first weight controller of said n^ln-array proc- 
essor is an Applebaum weight controller which combines a steering vector that estimates the direction of 
arrival of a target signal with said correlations to derive therefrom said weight coefficients of the first mul- 
tipliers. 

in a sidelobe canceler comprising: 
a nrmin antenna; 
an array of sub-antennas; 

a subtracter having a first input connected to the main antenna and a second input; 

a main-array processor having a plurality of first weight multipliers for multiplying output signals of 
said sub-antennas with weight coefficients, a first weight controller for detecting correlations between 
the output signals of the sub-antennas and an output signal of said subtracter and deriving therefrom the 
weight coefficients of said first multipliers, and a first adder for summing output signals of said first mul- 
tipliers to produce an output signal and supplying the output signal to the second input of the subtractor 
as an interference canceling signal; 

an adaptive matched filter for receiving the output signal of the subtractor and producing an output 
signal having a maximized signal-to-noise ratio; 

M sub-array processors each having a plurality of second multipliers for multiplying the output sig- 
nals of said sub-antennas with weight coefficients, a second weight controller for detecting correlations 
between the output signals of the sut>-antennas and a decision signal and deriving therefrom the weight 
coefficients of the second multipliers, and a second adder for summing output signals of the second mul- 
tipliers to produce an output signal of each of the sub-array processors, a method comprising the steps 
of: 

a) combining the output signals of the M sut>-array processors into a first diversity-combined signal; 

b) combining the first diversity-combined signal with the output signal of the matched filter to produce 
a second diversity-combined signal; 

c) removing intersymbol interference from the second diversity-combined signal according to a deci- 
sion error to produce saki decision signal and applying the decision signal to said sub-array processors; 

d) respectively introducing different amounts of delay to the output signals of (M - 1) of the sub-anray 
processors so that the output signal of the i-th sut>-array processor is delayed by an anrKHjnt equal to 
(i - 1)t, where i = 2, 3 M and t is a predetermined delay time; and 

e) respectively introducing different anrxMjnts of delay to the decision signals applied to (M - 1) of the 
sut>-array processors so that the decision signal applied to the j-th sub-array processor is delayed by 

an anrKHjnt equal to (M - j>T, where j = 1, 2 , M-1 , wherein the total amounts of delay associated with 

each of the M sub-array processors is equal to (M-1)t. 

In a sidelobe canceler comprising: 
a nnain antenna; 
an array of sub-antennas; 

a subtractor having a first input connected to the main antenna and a second input; 

a main-anray processor having a plurality of first weight multipliers for multiplying output signals of 
said sub-antennas with weight coefficients, a first weight controller for detecting correlations between 
the output signals of the sub-antennas and an output signal of said subtractor and deriving therefrom the 
weight coefficients of said first multipliers, and a first adder for summing output signals of said first mul- 
tipliers to produce an output signal and supplying the output signal to the second input of the subtractor 
as an Interference canceling signal; 

an adaptive matched filter for receiving the output signal of the subtractor and producing an output 
signal having a maximized signal-to-nolse ratio; 
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M sub-array processors each having a plurality of second multipliers for multiplying the output sig- 
nals of said sub-antennas with weight coefficients, a second weight controller for detecting correlations 
between the output signals of the sub-antennas and a decision signal and deriving therefrom the weight 
coefficients of the second multipliers, and a second adder for summing output signals of the second mul- 
5 tipliers to produce an output signal of each of the sub-array processors; and 

an adaptive equalizer for removing intersymbol Interference according to a decision error to pro- 
duce said decision signal and applying the decision signal to said sub-array processors, a method com- 
prising the steps of: 

a) combining the output signals of the M sub-anray processors into a first diversity-combined signal; 
10 b) transversal-filtering the frequency spectrum of the output signal of said main-array processor using 

the decision error of said adaptive equalizer according to a minimum means square error algorithm to 
produce a signal which is shaped to conform to an interfering signal introduced to said M sub-array 
processors; 

c) combining the signal produced by the step (b) with the first diversity combined signal to cancel said 
15 interfering signal introduced to said M sub-array processors; 

d) combining the interference-canceled first diversity-combined signal with the output signal of the 
matched filter to produce a second diversity-combined signal and applying the second diversity-com- 
bined signal to said adaptive equalizer to remove said intersymbol interference from the second diver- 
sity combined signal; 

20 e) respectively introducing different amounts of delay to the output signals of (M - 1 ) of the sub-array 
processors so that the output signal of the i-th sut>-anBy processor is delayed by an amount equal to 
(i - 1)x, where i = 2,3, , M and t is a predetermined delay time; and 

f) respectively introducing different anrK}unts of delay to the decision signals applied to (M - 1) of the 
sub-array processors so that the decision signal applied to the j-th sut>-array processor is delayed by 

25 an anrwunt equal to (M - j)T, where j = 1 , 2, M-1 . wherein the total amounts of delay assodated with 

each of the M sut>-array processors is equal to (M-1)t. 
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